Eccentric discharge imposes non-symmetrical bin wall and floor loads. A series of tests were conducted for different eccentric discharge orifice locations. Floor loads during eccentric discharge of 0.61 m diameter model bin were smaller on the side nearest the discharge orifice than on the opposite side. The horizontal pressure distribution around the circumference of the bin wall depends on the height of grain above the floor. 
INTRODUCTION

E
ccentric discharge results in an unequal horizontal pressure distribution along the circumference of a bin wall. Although there is disagreement in the literature about the location of the maximum of this horizontal pressure (Pieper, 1969; Thompson et al., 1986 , reported this pressure on the orifice side; and Jenike, 1967; Colijn and Peschl, 1981, reported it on the opposite side), this non-uniform pressure distribution is considered to be a major cause of bin failures. Pieper (1969) found that the maximum horizontal pressure occurred on the orifice side of the bin from experiments conducted with off-center discharge in a model bin filled with sand. Discharge from a semieccentric orifice produced a more non-symmetric pressure distribution than from an orifice located at the side wall. The pressure distribution on the bin wall where the orifice was located was different from that on the opposite side. Thompson et al. (1986) found, on a model bin filled with wheat, that the largest dynamic wall loads occurred during discharge from a semi-eccentric orifice rather than from an eccentric one near the wall. Jenike (1967) proposed a simplified theory to estimate pressures in the bin during eccentric discharge. He assumed that the ratio of the horizontal pressure of the flowing solid onto the wall to the horizontal pressure of the Stationary solid onto the wall was equal to the ratio of the radius of the flow channel to the radius of the bin. Colijn and Peschl (1981) discussed the pressures on the bin wall during eccentric discharge assuming similarly to Jenike (1967) , that pressure in the flow channel was less than the pressure in the stationary solid around the channel. Both considerations lead to the conclusion that the horizontal pressure on the bin wall should be larger on the side of the bin wall opposite to the eccentric orifice.
Non-uniform horizontal pressure distribution along a bin wall circumference causes vertical and horizontal bending moments in the bin wall. A vertical bending moment results in ovalization of the bin (Jenike, 1967; Colijn and Peschl, 1981; Rotter and Berry, 1990; Necasek and Vrtel, 1990) . A horizontal bending moment in the bin wall may cause structurally damaging buckling of the cylindrical wall. Bucklin et al. (1990) have evaluated the horizontal bending moment in a bin wall generated by differences in horizontal and vertical pressures on opposite sides of a model bin assuming that unbalanced wall loads resulted from a difference in the static and dynamic coefficient of friction on opposite sides of the bin when unloaded eccentrically.
They concluded that additional research to accurately describe conditions in a bin during eccentric discharge was required. The purpose of this study was to determine the horizontal bending moment exerted on the wall and floor of a model bin during eccentric discharge.
EQUIPMENT AND PROCEDURE
Experiments were performed on a laboratory model, cylindrical bin 0.61 m in diameter and 2.44 m high. The bin was made of smooth galvanized steel. The main cylinder of the bin and flat floor were supported independenfly on load cells to isolate wall and floor loads. The total vertical wall load was determined from three load cells supporting the wall cylinder, and the total vertical floor load was determined from three load cells supporting the floor. Load cells supporting the wall cylinder were installed at the base of the cylinder, so that the vertical distance between the wall and floor load cells was 0.18 m. The load cells were located 0.56 m from the center of the bin and spaced at an angular distance of 120° apart. An additional bin, used for supplying the test bin with grain by a bucket elevator system, was supported on four load cells to measure total weight of grain transferred to and from the test bin. Off-center discharge from orifices at five different distances from the center of the bin was tested. Also, center discharge was tested to evaluate the non-uniform load distribution resulting from the filling technique and inherent imperfections of the model bin. The distance from the center of the bin to the center of the orifice divided by the bin radius is defined as the eccentricity ratio (Bucklin et al., 1991) . The six orifices used in these experiments had eccentricity ratios as follows: 0 (center orifice), 0.167, 0.333, 0.5 (semi-eccentric orifice), 0.667, and 0.833 (eccentric orifice). A schematic diagram of the model bin, load cells locations, and locations of orifices are shown in figure 1. Two different eccentricity axes for the discharge orifices were tested. One axis was directly aligned with a floor support load cell and the other axis split the angle between two load cell supports. The load cell locations relating to the coordinate system are shown in figure 2. The discharge orifice was 3.4 cm in diameter which provided a flow rate that gave a sliding velocity of grain down the bin wall of 2.9 m/h when plug flow existed in the test bin. Soft red winter wheat with a bulk density of 766 kg/m3 at a moisture content of 12% (wet basis) was used for all tests. The properties were monitored throughout the experiment. The bin was centrally filled from a spout. After completing the filling process, the filled bin was allowed to equilibrate for 1 h. The discharge portion of the tests was composed of recirculation and non-recirculation flow. During a recirculation flow test, the grain was discharged from the test bin and redeposited on the top surface of the grain in the test bin. After 30 min of a recirculation flow test, the non-recirculation flow test was begun and continued until the test bin was completely emptied. Data was recorded at 1 min, intervals during the filling, equilibration and discharge processes. The loads were measured with an accuracy of ± 0.5 N. Each variant of the experiment was repeated three times. 
RESULTS
Floor loads during eccentric discharge were significantly smaller, while wall loads were found to be significantly larger on the side of the bin nearest the orifice, than on the opposite side with a level of significance of 0.01% for recirculation and nonrecirculation tests. The floor load distribution can be explained as a direct result of vertical pressure distribution on the bin floor. Results from a full-scale study reported by Schwab (1989) showed that the vertical pressure on the floor of a bin during center discharge increased as the distance from the oriflce increased. It is assumed that a similar shape of vertical pressure distribution (i.e., increasing pressure with increasing distance from the orifice) occurs around the off-center orifice. This could cause the uneven load distribution observed among the three load cells supporting the floor. Tables 1 and 2. The maximum of the wall load distribution occurred on the side nearest the discharge orifice for both bottom (fig, 4) and top (fig. 5) of wall support. That moment was generated by the differences in horizontal pressures and tangent forces on opposite sides of the bin wall. The contribution of the difference in tangent forces on the opposite sides of the bin wall to the resultant moment, was several times smaller than the contribution of the difference in horizontal pressures because the arm of the tangent force (radius of the bin) was smaller than the arm of the horizontal force 
CONCLUSIONS
• Floor loads during eccentric discharge were smaller on the side nearest the discharge orifice than on the opposite side.
• The horizontal bending moment exerted on the bin wall calculated from forces measured at the top of the wall cylinder, was approximately four times greater than the moment calculated from forces measured at the bottom of the wall cylinder while the direction for the moment was shown to be independent of the location of the force measurements.
• The horizontal pressure distribution around the bin depends on the height from the floor. For the portion of bin wall close to the floor, the horizontal pressure is larger on the side of the wall cylinder opposite the discharge orifice, while for locations higher above the floor, the horizontal pressure is larger on the side nearest the discharge orifice. • The horizontal bending moments exerted on the bin wall and the bin floor were influenced significantly by the orifice eccentricity ratio, reaching a maximum moment at the orifice eccentricity ratio equal to 0.5. 
NOMENCLATURE
